Some recent studies 2 seem to indicate that the nutritional economy of reef corals is for all practical purposes to be considered autotrophic due to their zooxanthellae (Fig. 1) . For example, Franzisket (1969a , 1970 claims to have demonstrated that some Hawaiian reef corals can achieve net growth in the total absence of particulate food, while Johannes and Coles ( 1969) state that the energy requirements of Bermudian reef corals are in some cases more than an order of magnitude greater than could be provided by the zooplankton which the investi gators were able to catch with a fine net.
In spite of their supposedly autotrophic economy, the reef corals have not developed any of the behavioral and structural specializations for such a way of life. In this respect they differ fundamentally from Xenia hicksoni and Clavularia hanira (Octocorallia, Alcyonacea) (Gohar, 1940 (Gohar, , 1948 and Zoanthus sociatus (Hexacorallia, Zoanthidea) (Von Holt and Von Holt, 1968a, b) , unrelated anthozoans which have independently evolved a more or less complete nutritional dependence upon their contained zooxanthellae.
Available data is summarized in Table I . These species have never been observed to feed, and there is a more or less marked reduction of structures and functions associated with the usual predatory feeding habits in Cnidaria ; for example, they do not respond to any of the known tactile and chemical stimuli that trigger feeding behavior in related carnivorous species; they do not ingest particulate matter, and are unable to either digest or assimilate food artificially placed into their coelenteron by means of a canula (Goreau and Goreau, unpublished) .
The reef corals are, by contrast, superbly efficient and voracious carnivores that will accept practically any kind of particulate animal food (Yonge, 1930a (Yonge, , 1930b Yonge and Nicholls 1930, 1931) .
Feeding occurs in several different ways, de pending on the species: in the majority, the food is swept into the coelenteron by means of ciliary currents, (sometimes involving reversal as in Fungia), while in some corals the tentacles convey the food directly to the mouth (Yonge, 1930a) . Most species are also capable of extracoelenteric digestion of food matter outside the body by means of mesenterial filaments extruded through temporary openings Responses similar to tilose caused by amino acids are produced in corals by seawater ill which there had previously been zooplankton.
We have often observed that corals will expand tinder llattlral conditions in apparent anticipation of plank ton: evidently this is due to tileir ability to sense the diffuse cloud of metabolites, including amino acids, that usually surrounds plankton swarms (Hellebust, 1965 recycling systems that reduce external losses of free energy to a minimum and thus maintain the local nutrient levels at high steady state values.
The existence of such internal cycles is reflected in the marked differences that may be observed between the outside ocean water and the water circulating within the reef which will be referred to here as the boundary layer water.
Whereas the former is clear and deficient in plankton and other suspended matter, the latter is relatively turbid due to the much higher concentrations of suspended particulates, consisting of both inorganic and organic detritus stirred up by the turbulence, or added to the water by bentilonic biota. Near lligh islands, both particulate and dissolved nutrients in the sea are increased by run-off from the land. The boundary layer water also contains a relatively high concentration of zooplankters, swarms of which shelter and feed within the multitude of crevices and other microhabitats of the reef frame. This environment is extremely difficult to sample quantitatively, but can be readily observed by anyone diving on the reef. The depauperate and heavily cropped condition of the shallow reef zones de scribed by Bakus (1967 Bakus ( , 1969 for some Pacific reefs, and by Johannes and Coles (1969) for Bermuda have been corroborated by the first author's own observa tions on parts of the Great Barrier Reef, Eniwetok, Saipan and the Red Sea, and is also observed in the shallow reefs of Jamaica and other Caribbean islands.
However, conditions in the deeper parts of the outer reef slope vary considerably from extreme impoverishment as for example in Saipan or Eniwetok to a marked increase in species diversity, size and biomass of the macrobenthos, such as is observed in Jamaica (Goreau and Hartman, 1963; Goreau and Wells, 1967) . Here the fore reef slope habitat is characterized by very large and diverse standing crops of corals, sponges, Gorgonacea, anemones, Antipatharia, and various algae such as Halimeda (Goreau and Graham, 1967) ; the interstices of the reef frame contain an abundant fauna of Foraminifera, sponges (Hartman and Goreau, 1970) , hy drozoans, ahermatypic corals, worms, bivalves, brachiopods (Jackson, Goreau and Hartman, 1970) , bryozoans, echinoderms, tunicates and arthropods.
Only the herinatypic corals, with the great majority of other coelenterates, contain zooxan theilae, the remainder do not. Above sixty meters the corals predominate, below this the sponges prevail although reef corals occur in diminishing amounts to at least one hundred meters.
The boundary layer water is in continuous and dynamic exchange with the reef biota. We established this by releasing small clouds of India ink from syringes in various microhabitats of the Jamaican fore reef slope at depths of 50 to 60 meters where wave turbulence is low. We found that the India ink was cleared from the water within a few minutes, mostly by the sponges.
It appears that a continuous downward flow of particulate matter moves from the boundary layer through the reef, recycling nutrients within the benthos. Quantitative measure ments of this exchange have now been carried out in situ by H. M. Reiswig (Biol ogy Department, Yale University) in Discovery Bay, Jamaica.
Suspended particulate matter in the reef as a possible food source for corals
The particulate suspended organic matter, organic aggregates and dissolved organic substances circulating in the boundary water of the reef may be of crucial importance to the nutrition of the benthonic fauna, corals included. Marshall (1965)showed thattheamount offinesuspended organic detrital matter in the waters of Eniwetok Atoll was between one and two orders of magnitude greater than could be collected with the finest plankton nets. In Jamaica, the macroscopic organic particulates consist chiefly of comminuted vegetable matter, fragmented animal remains of diverse origin, faecal pellets, etc., but we have not yet investigated the much larger microscopic and submicroscopic fractions. Coral-browsing acanthu rid and scarid fish contribute large volumes of ground-up carbonates to the sus pended matter (Bardach, 1961) . During periods of rough weather wave turbulence stirs up fine organic detritus, the leptopel, from the bottom sediment, and clouds of this material roll down over the reef communities of the seaward slope into deep water. At the same time, colloidal and dissolved organic matter are aggregated into larger particles at the surface of bubbles stirred up by the surf (Baylor and Sut cliffe, 1963; Riley, 1963) .
Mucus is secreted into the water in large amounts by ben. thonic animals in the reef, chiefly sponges, gorgonians, corals and molluscs (Mar. shall, 1965) .
Corals and alcyonarians continuously void large numbers of excess zooxanthellae in strings of mucus (Yonge and Nicholls, 1931) . The gonadal products of sponges and echinoidsperiodically reach such high concentrationsas seriouslyto reduce underwater visibility in the vicinity of the reef. The questionof whether any of these diverseorganic particulates are available as food to the corals is still undecided. Part of the difficulty in relating reef corals to their potential food supply is a conceptual one. As the result of Yonge's studies (1940) , the corals have been thought of principally as specialized planktivorous carnivores. However, we have numerous observations which seem to indicate that many of the reef corals are not restricted in their feeding to zooplankton since they also seem to feed on any organic particulates that happen to be carried into the coelenteron and from which nutriment may be extracted. In our experience, many reef corals are relativelyunspecialized detritus feeders (Fig. 3) sweeping the niud bottom with huge loops of mesenterial filaments extruded through the column wall after crab extract has been added to the media.
These corals also showed feed ing reactions when offered alanine and glycine. i.e., the entire surface in (lirect contact with the external medium. Autoradiog raphy of the reef corals exposed to very low concentrations of tritiate(l DL leucine in sea water for one hour atid fixed at varying times after labelling show that the activity is initially fixed in the tall columnar cells of the epidermis, whereas much less is present in the gastrodermis, very little in the mesogloea and none in the zooxanthellae (Fig. 4) Electronmicroscopy provides some of the most persuasive evidence that reef corals possess the necessary structural organization for transport of dissolved organic matter across the epidernial barrier. In all species so far examined the epidermis is shown to consist of tall columnar cells the free surface of which bears a single flagellum set into a shallow pit bordered by a circlet of nine to twelve microvilli about 2 @ long and 100 @ in diameter (Goreau and Philpot, 1956 ). The arrangement of the microvilli (Fig. 5) The phospliatase activity is confined to the supporting cells (epi sup c) here seen in cross section.
Note that the enzyme has a reticular localization in what appear to be cell membranes.
The small phosphatase negative vacuoles (muc) may be due to an early stage in the formation of mucus; magnification is X 5000. which active transport takes place : the data from the amino acid uptake experi nients suggest that the net flux is from outside to inside. Histochemical studies (Goreau, 1956 ) have shown that highly active nonspecific alkaline phosphomonoesterases are present in the distal parts of the epidermal cells of corals (Fig. 6 ) . The precise function of these phosphatases is not clear : their extremely sharp and high pH maxima with peaks around pH 11.1 suggest that these enzymes do not act in vivo as simple hydrolases, but possibly as phospho transferases supplying energy for metabolic processes occurring in the outer sur face of the epidermis.
We have not yet been able to establish on the ultrastructural level whether the alkaline phosphomonoesterase is associated with the microvilli. It is of considerable interest, however, that the localization of the enzyme within the coral epidermis is identical with that of a P. A. S. reactive non-metachromatic neutral mucopolysaccharide (Fig. 7) . A similar spatial association of alkaline phosphatase and neutral mucopolysaccharide was found by Moog and Wenger (1952)in absorptive andsecretory organs of several vertebrate andinvertebrate groups.
In spite of their phyletic disparity, the epidermal cells of scleractinian corals and the absorptive epithelia of mammalian kidney and duodenum are re markably similar in general features of their ultrastructure, histochemistry and functions, having in common a large free surface area due to microvilli, high con centrations of alkaline phosphomonoesterases associated with neutral mucopoly saccharide at the free cell border, and being capable of active transport of dis solved organic substances against a concentration gradient.
In view of these considerations, it is not unlikely that these epithelia also perform similar functions.
DIscussIoN
After many years of controversy, much remains to be learnt about the nutrition of hermatypic corals. It is significant that, in distinction to ahermatypes, they exhibit a wide range in size and form of the polyps. This could well indicate a correspondingly wide range of specialization for dealing with food material ex tending from living animals to detritus and to particulate or dissolved material of animal origin.
Corals such as Favia, Euphyllia or Mussa with large polyps can be observed to feed exclusively on animal prey, e.g., small fish and large zooplanktonic orga nisms or fragments of flesh (never vegetable matter), in precisely the same man ner as do ahermatypic corals such as Tubastrea or Balanophyllia and all Actiniaria. But, to the extent that these may be available, they may also absorb dissolved or colloidal matter through the epidermis by the mechanisms described above. Where polyps are smaller but still possess adequate tentacles, for instance, Porites or Pocillopora, and where ciliary currents beat toward instead of away from the mouth (Yonge, 1930a), a primary diet of smaller planktonic animals with par ticulate and/or dissolved organic matter may reasonably be postulated.
In the extreme case of the agaricids (which are very common on reefs) such as Pavona, Psammocora or Agaricia with minute, and in some cases (e.g., Pachyseris) non existent, tentacles around very small mouths, particulate food must consist almost entirely of fine fragments of organic matter from the smallest zooplanktonic organisms downward. In such corals ciliary currents would appear to assist the boundary layer water in conveying the finest material across the surface where the stimulus of animal matter in any form (down to amino acids) will cause mouths to open and mesenterial filaments to be extruded through them. These remarkably efficient organs for combined digestion and absorption of animal matter here take over the function of the tentacles.
They extend out of the mouth or other openings in the tissue to seize and enwrap food particles which they may digest and absorb outside the coelenteron (Yonge, 1930a ; Abe, 1938) . In no scieractinian are the filaments reduced as they are in alcyonarians such as Xenia.
While it is now abundantly established that material does pass from the zooxanthellae into the tissues of the host coelenterateâ€"actiniarian, zoanthid or scleractinian (Goreau and Goreau, 1960 ; Muscatine, 1967 Muscatine, , 1969 Von Holt and Von Holt, 1968; Trench, 1971a Trench, , 1971b Trench, , 1971c Lewis and Smith, 1971) â€"the precise significance of this, in the context of the nutrition of the animal, still remains to be determined.
Certainly the few species of temperate water actinians which harbor zooxanthellae appear in no way more efficient than the majority which do not.
In the bivalve Tridacnidae there is an equally well established passage of soluble material into the blood stream from zooxanthellae (which are later digested in phagocytic blood cells) (Yonge, 1936 ; Goreau, Goreau and Yonge, 1966) . This material rapidly becomes incorporated into the byssus, crystalline style, periostracum and mucus indicating its possible use in the synthesis of these secretions in a manner similar to that described in the sacoglossan gastro pod, Tridachia (Trench, 1969 ; Trench, Greene and Bystrom, 1969) . Maintained in darkness, some scleractinians can survive the eventual loss of the zooxanthellae, others cannot. This may not necessarily imply that the latter are suffering from starvation, it may equally be a consequence of the change in the internal environment.
Normally the zooxanthellae automatically remove the waste products of metabolism, notably CO2 with sources of sulphur, nitrogen and phos phorus needed for protein synthesis. Not all hermatypic scleratinians may have the capacity for the efficient removal of these. Franzisket (1970) describes how, after exposure to darkness and consequent loss of zooxanthellae, the tissues of Porites atrophy but when exposed to light and reinfected with algae regeneration rapidly occurred.
But it remains to be determined whether atrophy and subse quent recovery were the consequences of removal and then restoration of food supplied by the zooxanthellae or of inadequate metabolism when deprived of the algae which normally remove waste products.
The major problems ahead in volve adequate evaluation of the precise energy needs of corals and the nature of available suppliesâ€"zooplankton and particulate or dissolved organic matter of animal originâ€"in coral reef seas.
The spectacular success as reef builders of the hermatypic Scleractinia has tended to obscure the very small amount of living tissue actually present and so exaggerate the amount of food required.
Apart from the discussion, this paper was in rough draft at the time of Professor Thomas F. Goreau 
SUMMARY
The assumption that reef corals are wholly autotrophic due to the presence of zooxanthellae is questioned.
Reef corals lack the behavioral and structural spe cializations for an autotrophic existence comparable to that found in the xeniid octo corals and zoanthideans which appear to depend upon zooxanthellae for their food.
The heterotrophic nutritional activities of reef corals, as observed both in the field and in the laboratory, include the following : ( 1) specialized carnivorous feeding, primarily on zooplankton, facilitated by ciliated currents and mucus, direct transfer of prey to the mouth by the tentacles, or extracoelenteric feeding by the mesenterial filaments ; (2) unspecialized detritus feeding, involving the use of a wide range of organic matter of animal and perhaps of bacterial origin ; (3) direct utilization of dissolved or colloidal organic matter as suggested by the uptake of amino acids by the epidermis and by the ultrastructural, histochemical and physio logical features of the free cell border.
Water circulating within the reef, the boundary layer water, is in a continuous and dynamic exchange with the trophic structure of the reef, recycling nutrients with the benthos and making the suspended particulate matter a possible food source for corals. 
